Iodide excess acutely downregulates NIS mRNA expression, as already demonstrated. PCCl3 cells treated or not with NaI, NaI + NaClO 4 or NaI + Methimazole, for 30 min to 24 h, were used to further explore how iodide reduces NIS gene expression. NIS mRNA expression was evaluated by Real-Time PCR; its poly(A) tail length, by RACE-PAT; its translation rate, by polysome profile; total NIS content, by Western blotting. NIS mRNA decay rate was evaluated in actinomycin-D-treated cells, incubated with or without NaI for 0-6 h. Iodide treatment caused a reduction in NIS mRNA expression, half-life, poly(A) tail length, recruitment to ribosomes, as well as NIS protein expression. Perchlorate, but not methimazole, prevented these effects. Therefore, reduced poly(A) tail length of NIS mRNA seems to be related to its decreased half-life, in addition to its translation impairment. These data provide new insights about the molecular mechanisms involved in the rapid and posttranscriptional inhibitory effect of iodide on NIS expression.
Introduction
Iodide is obtained from diet, absorbed by the gastrointestinal tract and transported by the blood plasma to the thyroid gland, in which it is actively transported by an integral plasma membrane glycoprotein, the sodium/iodide symporter (NIS) (Bizhanova and Kopp, 2009; Carrasco, 1993; Dai et al., 1996) . In addition to its role on the hormone synthesis, iodine is also an important regulator of thyroid function (Ingbar, 1972; Pisarev, 1985) . Morton et al. (1944) were the first to report that large amounts of iodide in the plasma promote the reduction of iodide transport into thyroid and also of thyroid hormone synthesis, the acute Wolff-Chaikoff effect (Wolff and Chaikoff, 1948) . Nevertheless, it was demonstrated in rats that as early as 2 days after the beginning of this inhibitory effect, the thyroid adapts or escapes from this condition, and iodide organification as well as the thyroid hormone synthesis are restored (Wolff et al., 1949) . These phenomena constitute a highly specialized intrinsic autoregulatory system that has been extensively studied. However the mechanisms that underlie this inhibitory effect and its escape remain poorly understood. Some studies have suggested that the escape phenomenon is triggered by the reduced expression and activity of NIS, induced by iodide excess; this would reduce the intracellular level of iodide, which would be insufficient to sustain the inhibitory effect (Braverman and Ingbar, 1963; Eng et al., 1999 Eng et al., , 2001 ).
In our previous study, we have shown that iodide excess promoted, in vivo, the reduction of NIS mRNA expression and adenylation. These effects were observed in rats previously treated or not with MMI, a drug that blocks the thyroperoxidase (TPO) activity, leading to the inhibition of iodolipids production. This treatment has demonstrated that the iodide per se has an important role on the regulation of NIS expression at the posttranscriptional level (Serrano-Nascimento et al., 2010) .
The aim of the present study was to further explore using PCCl3 cells the posttranscriptional mechanisms whereby iodide regulates NIS expression. PCCl3 cell lineage is TSH-dependent and maintains the main characteristics of differentiated follicular thyroid cells, as the expression of thyroid genes (NIS, thyroglobulin, TPO) and the iodide uptake (Fusco et al., 1987) . The data presented in this study is aimed at discovering new aspects to be considered in the molecular mechanisms that underlie the Wolff-Chaikoff effect, as well as the role of trace elements on the posttranscriptional regulation of proteins related to their transport/metabolism.
Material and methods

Cell culture and treatments
PCCl3 thyroid cells were kindly provided by Dr. Edna Teruko Kimura (University of São Paulo, SP, Brazil). They were cultured in Ham's F12 medium supplemented with 5% fetal bovine serum and four hormones: 1 mU/ml bovine TSH (Sigma, St. Louis, MO, USA), 10 lg/ml insulin (Sigma, St. Louis, MO, USA), 5 lg/ml transferrin (Sigma, St. Louis, MO, USA), and 10 nM hydrocortisone (Sigma, St. Louis, MO, USA). Cells were maintained at 37°C and 5% CO 2 . Medium was changed every second day. When the cells reached 70% confluence the medium was replaced by fresh medium supplemented with the four-hormone preparation and 10 À3 M sodium iodide was added or not to it (Eng et al., 2001; Leoni et al., 2008) . The cells were maintained in this medium for 30 min, 1, 2, 12, and 24 h.
To evaluate the role of intracellular iodide excess and of production of iodolipids on the regulation of NIS expression, PCCl3 cells were cultured under the conditions described above, and treated for 30 min with 10 À3 M sodium iodide plus 10 À3 M sodium perchlorate, or 10 À3 M sodium iodide and 10 À4 M methimazole (Sigma, St. Louis, MO, USA) (Leoni et al., 2008 ) -a well-known inhibitor of TPO activity.
Additionally, the regulation of NIS expression by iodide was investigated in PCCl3 cells previously treated with the transcription blocker actinomycin D (4 lM) for 1 h, and then, subjected or not to NaI treatment (10 À3 M) for 0, 0.5, 2 and 6 h. After the treatments, cells were harvested for total RNA extraction, in order to investigate the abundance and poly(A) tail length of NIS mRNA, as described below.
Cell-counting assay
Cells were seeded into six-well plates at a density of 5 Â 10 4 cells/well. When the cells reached 70% confluence the medium was replaced by fresh medium containing or not 10 À3 M NaI; and after 30 min and 24 h, the number of cells was counted in a hemocytometer and the average cell number from quadruplicate measurements was determined (Leoni et al., 2008) .
Cell viability assay
PCCl3 cells were seeded into six-well plates at a density of 1 Â 10 6 cells/well in the presence of medium containing the fourhormone mixture. They were treated or not with 10 À3 M sodium iodide for 24 h, the longest period of treatment, and re-suspended in 500 ll PBS plus 50 ll propidium iodide solution (20 lg/ml). Propidium iodide is a highly water-soluble fluorescent compound that cannot pass through intact membranes, and is usually excluded from viable cells. It binds to DNA by intercalating between the bases with little or no sequence preference.
The percentage of viable cells in each sample was determined using a FACSCalibur Flow Cytometer (Becton-Dickinson, San Juan, CA, USA). This cytometer was calibrated and tested for quality control. Fluorescence was measured using the FL2 channel (Orangered fluorescence-585/42 nm). Ten thousand events were analyzed per experiment. The results were evaluated using the Cell Quest software (Becton-Dickinson, San Juan, CA, USA).
DNA fragmentation was also analyzed using the Flow cytometry after DNA staining with propidium iodide according to the method described by (Nicoletti et al., 1991) . Fluorescence was measured and analyzed as described above.
RNA extraction and Real-Time PCR assay
Total RNA was extracted by means of the acid guanidinium thiocyanate-phenol-chloroform extraction method according to a standard protocol (Chomczynski and Sacchi, 1987; Maniats et al., 1989) .
The abundance of NIS transcript was examined by Real-Time PCR, as previously described (Serrano-Nascimento et al., 2010 (Livak and Schmittgen, 2001 ).
Race-pat
NIS transcript poly(A) tail length was examined by the rapid amplification of cDNA ends -poly(A) test (RACE-PAT), according to a standard protocol (Sallés et al., 1999; Serrano-Nascimento et al., 2010) . Briefly, total RNA was reverse-transcribed to cDNA using an oligo(dT) anchor (5 0 -GCGAGCTCCGCGGCCGCG-T12). Then, 3 ll of the RT reaction product were mixed to PCR reaction buffer containing 25 pmol of each primers (NIS -5 0 -TCTCACCCTT-TACCCCTGTG and anchor -5 0 -GCGAGCTCCGCGGCCGCG-T12). The PCR-amplified products were submitted to electrophoresis in 2.5% agarose gel containing ethidium bromide. Amplicon sizes were estimated by densitometry and compared to a 100 bp DNA ladder (Invitrogen Life Technologies, Carlsbad, California) using the ImageQuant TL v2005 software (Amershan Biosciences, Buckinghamshire, UK). The top of the smear indicated the longest amplified fragment, which represents the poly(A) tail size plus 247 bases upstream, according to the NIS primer used.
Polysome Profile by sucrose gradient
The protocol was adapted from one previously described by Chebath et al. (1977) . PCCl3 cells were cultured in 75 cm 2 flasks and treated or not with NaI 10 À3 M for 30 min (10 flasks per group, in each experiment).
The cells were homogenized in 0.6 ml lysis buffer containing 0.25 M sucrose, 50 mM Tris-HCl (pH 7.5), 25 mM MgCl 2 , 0.2 M KCl, 0.1 M EGTA, 1 mM DTT, 1% Triton X-100, 0.1 mg/ml cycloheximide, 1 mM dithiothreitol and 4 mg/ml heparin.
After removal of cell debris by centrifugation at 10,000g for 10 min at 4°C, the nucleic acid concentration of supernatant was quantified, and 10 absorbance units (AU) were loaded onto a sucrose gradient (10 ml, 7-47%; w/v), and centrifuged at 36,000 rpm for 2 h (SW41 Ti rotor, Beckmann). The UV absorbance of the resulting gradients was monitored at 254 nm (Monitor UVis-920; GE Healthcare Bio-Sciences AB, Uppsala, Sweden) (Fourcroy et al., 1981; Wang et al., 2004) .
The gradients were collected into 10 fractions of approximately 1 ml each for RNA isolation, immediately frozen on dry ice, and then stored at À70°C. NIS mRNA bound to ribosome was determined by Northern blot analysis.
The RNA extraction of polysomal fractions was carried out as described before (da Silva et al., 2009) . Briefly, RNA samples were transferred from the agarose gel to a Hybond N1 membrane (Amersham Biosciences, Buckinghamshire, UK) by neutral capillary, and UV cross-linked. Blots were then probed with 32 P-labeled rat NIS cDNA for 16 h at 42°C. The membrane was washed under Table 1 Primer sets used for NIS mRNA expression analysis in PCCl3 cells by Real-Time PCR.
highly stringent conditions, subjected to autoradiography, and quantified using the Image J software (National Institutes of Health, USA). All blots were stripped and re-hybridized with a 32 P-labeled rat b-actin probe to correct for the variability in RNA loading (Serrano-Nascimento et al., 2010) . The 18 and 28S densitometry of each sample present in the polysome fractions, obtained by the UV analysis of the RNA integrity gels, were also used to normalize the RNA loading.
Protein extraction and western blot analysis
PCCl3 cells treated or not with 10 À3 M NaI for 30 min were homogenized in an ice-cold homogenization solution containing: 250 mM sucrose, 10 mM HEPES-KOH (pH 7.5), 1 mM EDTA (Garcia and Santisteban, 2002) . Cell homogenate was centrifuged (100,000g, 1 h, 4°C) to obtain membrane fractions. The pellet was resuspended in buffer as described above. Total protein concentration was determined according to Bradford method (Bradford, 1976) . Thirty micrograms of protein were diluted 1:2 in loading buffer and heated (37°C, for 30 min) before electrophoresis. Proteins were separated by 10% SDS-PAGE, and then transferred to nitrocellulose membrane. Membranes were blocked (1 h, room temperature) in PBS-T buffer containing 5% nonfat milk, incubated with anti-NIS antibody (1:5000; kindly provided by Dr. Nancy Carrasco), for 3 h at room temperature, then, with anti-rabbit secondary peroxidase-conjugated antibody (1:5000; Santa Cruz Biotechnology, Santa Cruz, CA), for 1 h at room temperature.
After washing the membranes, bands detection was carried out by using the Enhanced Chemiluminescence (ECL) kit (Amersham Biosciences, Buckinghamshire, UK). Blots were analyzed by scanning densitometry and quantified using the Image J Software (National Institutes of Health, USA). Membranes were stripped and re-probed with anti-GAPDH antibody (1:1000), as an internal control, in the same conditions described above.
Statistical analysis
All data were reported as means ± SEM. The significance level was set at 5% (P < 0.05). Data were subjected to unpaired twotailed Student's t-test, one-or two-way analysis of variance (ANOVA) followed by Student-Newman-Keuls post-test (GraphPad Prism Software -Version: 4.0 -San Diego, California), when appropriate.
Results
Effects of iodide excess on cell-counting and viability of PCCl3 cells
Iodide treatment for 30 min or 24 h did not affect the number of living cells, as illustrated in Supplemental data Fig. 1 (A and B) . The latter period of treatment did not alter the PCCl3 cells viability, as shown by the maintenance of plasma membrane structure (Supplemental data Fig. 2 ) and DNA integrity (Supplemental data Fig. 3 ).
Effect of iodide excess on NIS mRNA expression and poly(A) tail length
PCCl3 cells treated with sodium iodide (10-3 M) for 30 min to 24 h presented significant reduction of NIS mRNA abundance, as illustrated in Fig. 1 .
Moreover, iodide treatment for 30 min, 1 and 2 h led to a reduced number of adenylate residues on NIS mRNA poly(A) tail, as shown by the analysis of the smearing pattern of PCR products obtained by RACE-PAT. This alteration was not detected 12 and 24 h after NaI treatment (Fig. 2) .
Effect of iodide and perchlorate treatment on NIS mRNA expression and poly(A) tail length
The rapid reduction of NIS transcript abundance and poly(A) tail length observed 30 min after iodide treatment were prevented by the concomitant treatment of PCCl3 with sodium iodide (10 À3 M) and sodium perchlorate (10 À3 M) ( Fig. 3A and B) .
Effect of MMI treatment on NIS mRNA expression and poly(A) tail length
PCCl3 cells previously treated with MMI and then treated with NaI 10 À3 M for 30 min did not presented any change in the patterns of NIS mRNA expression (Fig. 4A ) and poly(A) tail length (Fig. 4B ) observed in cells only exposed to iodide excess.
Effect of iodide excess on NIS transcript half-life
The reduced NIS mRNA content and poly(A) tail length in response to iodide excess led us to investigate the effects of this treatment on NIS transcript half-life. Fig. 5 shows that the presence of this trace element in excess accelerates the decay of NIS mRNA transcript, in comparison to control cells, which were treated with actinomycin D alone.
After 2 h of iodide treatment, the reduction of NIS mRNA content was approximately 40%, period of time in which no significant alteration on NIS transcript content was detected in the control group. The latter presented a 40% reduction of the initial NIS mRNA content only 6 h after actinomycin D treatment. Fig. 6 illustrates the polysome profile of NIS mRNA in PCCl3 cells treated with or without NaI (10 À3 M). No major differences were observed in the polysomal profile graph pattern of control and iodide groups. However, the amount of NIS mRNA present in the polysome fractions, 30 min after iodide treatment, was reduced in comparison to control group. Besides the densitometry analysis of b-actin mRNA content in each fraction, the 18S and 28S rRNAs abundance were also used as a control of RNA loading (Supplemental data Fig. 4) .
Effect of iodide excess on translational rate and NIS protein expression
Additionally, western blotting assays have shown that NIS protein expression was significantly lower in cells treated with iodide in comparison to control group (Fig. 7) .
Discussion
It is well-established that trace elements can posttranscriptionally regulate the expression of genes that encode proteins related to their transport or metabolism (Aziz and Munro, 1987; Bermano et al., 1996a Bermano et al., , 1996b Kilav et al., 2000; Moallem et al., 1998; NavehMany et al., 2002; Owen and Kuhn, 1987; Sela-Brown et al., 2000) . We recently reported that a similar mechanism of regulation is also triggered by iodide, since this trace element promotes the reduction of NIS mRNA expression and poly(A) tail length, at short periods of time (30 min). These effects were independent of iodolipids production, indicating a direct role of iodide on the regulation of NIS expression (Serrano-Nascimento et al., 2010) .
Previous studies in which thyroid cell lineages, as PCCl3 or FRTL-5, were used, have demonstrated that iodide excess promotes reduction of NIS expression and activity, but in periods of time not as short as the used herein (Eng et al., 2001; Grollman et al., 1986; Leoni et al., 2008; Spitzweg et al., 1999) . The present results have corroborated these studies, and strengthened our previous in vivo data (Serrano-Nascimento et al., 2010) , since iodide treatment reduced the expression and poly(A) tail length of NIS mRNA in PCCl3 cells. Furthermore, our findings, obtained by several methodologies, point to new mechanisms by which iodide might promote its inhibitory effect on NIS expression. These effects were dependent on the entry of iodide in thyroid gland, because the concomitant treatment with iodide and perchlorate prevented them. Perchlorate is a drug that competes with iodide for its site on NIS, blocking its uptake by thyroid cells (Dohán et al., 2007; Wolff, 1998) . Therefore, this strategy confirmed that the effects observed were related to intracellular iodide excess, and not to alterations promoted by its high concentration in the extracellular medium. Moreover, since iodide effects were detected as soon as 30 min after its administration, our primary interest was evaluate if perchlorate administration, at that period of time, would avoid the iodide effects.
The subsequent treatment of PCCl3 cells with MMI and NaI has not abrogated the rapid effects promoted by iodide itself. This indicates that the immediate posttranscriptional mechanisms elicited by iodide are not dependent on the iodolipids production by TPO, whose activity is known to be blocked by MMI (Boeynaems et al., 1995; Dugrillon, 1996; Engler et al., 1982; Gärtnet et al., 1996; Nagazaka and Hidaka, 1976; Shuroozu et al., 1983) . In fact, some studies have shown the importance of iodolipids production in the inhibitory effect of iodide by concomitantly treating the thyroid cells with MMI and iodide for 24 h or more. In these studies, the effects elicited by the iodide excess were blocked or attenuated by the blockade of iodide organification process (Becks et al., 1988; Grollman et al., 1986) . Some of our preliminary studies have confirmed the important role of the iodolipids production on the regulation of NIS mRNA and protein expression, but only in the later periods of treatment (data not shown).
Despite some exceptions, the length of the poly(A) tail seems to be directly related to the stability and half-life of transcripts (Bernstein and Ross, 1989; Cui et al., 2008; Robinson et al., 1988; Ross, 1995; Sachs, 1990) . Thus, the reduction of poly(A) tail of NIS mRNA content was normalized to RPL19 mRNA content. Results are expressed as means ± SEM in arbitrary units (AU). Three independent experiments were performed in triplicate.
P < 0.01; ⁄⁄ P < 0.01; ⁄⁄⁄ P < 0.001 vs. C0 h (two-way analysis of variance).
NIS mRNA observed both in in vivo (Serrano-Nascimento et al., 2010) and in vitro studies, could be attributed to a decreased stability of NIS transcript. In fact, the presence of iodide excess has reduced the half-life of NIS mRNA, as shown by its rapid decay in comparison to the control group, whose NIS transcript half-life was similar to that observed in other studies (Kogai et al., 1997; Kogai et al., 2005) . This might explain the rapid reduction of NIS transcript content detected in the earlier periods of treatment studied (30 min to 2 h), but not the reduction observed in the later periods (12 h and 24 h), in which NIS transcript poly(A) tail length was similar to control group. This finding indicates that transcriptional events could be involved in the reduction of NIS mRNA content after 12 and 24 h of iodide excess exposition. In fact, we have observed a reduction of NIS promoter activity after iodide treatment in these periods of time (data not shown). These data indicate that iodide elicits posttranscriptional events before the transcriptional ones to regulate NIS gene expression.
It is known that mRNA decay is triggered by different processes as: poly(A) tail shortening, arrest of translation at a premature nonsense codon or endonucleolytic cleavage (Staton et al., 2000) . Although we do not discard the latter possibilities, our results indicate that the shortening of the NIS mRNA poly(A) tail, in response to iodide, might be the cause of the rapid NIS mRNA decay.
Moreover, the 3 0 untranslated region of certain mRNAs was shown to present trace elements-responsive regions (cis-acting element) that might contribute to the regulation of the poly(A) tail length, affecting the transcripts degradation rate (Gingerich et al., 2004; Wilson et al., 1999) . We suppose that iodide excess could reduce NIS mRNA poly(A) tail length by a similar mechanism.
Besides its role on the transcripts stability, the poly(A) tail is also related to translation efficiency, since longer poly(A) tail length allows a better attachment of the transcript to the cap region, improving the translation process (Deo et al., 1999; Gallie, 1991 Gallie, , 1998 Kapp and Lorsch, 2004; Wickens et al., 1997) . These data support our results, since in parallel to the shortening of NIS mRNA poly(A) tail length, the iodide treatment rapidly (30 min) reduced the association of NIS transcript to ribosomes, which might account to the reduced NIS protein content detected.
The half-life of NIS has been reported to be greater than 48 h, and some studies have shown that it could be as long as 4 days (Levy et al., 1997; Paire et al., 1997; Riedel et al., 2001) . These data contrast to our results, which point to a rapid reduction (30 min) of NIS content. We might consider that in parallel to the reduction of NIS mRNA content and association to ribosomes, which indicates that NIS synthesis is reduced, post-translational mechanisms could be rapidly triggered by iodide leading to NIS degradation. Indeed, data reported by Eng et al. (2001) demonstrated that NIS half-life is decreased in the presence of iodide excess, which could contribute to the iodide-induced reduction of NIS protein content. Three independent experiments were performed, in triplicate. ⁄⁄ P < 0.01 vs. Control (unpaired two-tailed Student's t-test).
Conclusion
Iodide excess rapidly elicits diverse effects on thyroid, as the blockade of its transport across the basolateral membrane of thyrocytes and organification. The former is the most well known and described effect promoted by this trace element, which acts inhibiting NIS expression and activity. The data presented herein reinforce these data and add new insights about the contribution of the iodide on the control of thyroid function by posttranscriptional mechanisms. Essentially, we have shown that the excess of iodide triggers different events that led to the reduction of NIS mRNA stability, half-life, translation rate and protein content. Additionally, the data obtained in this study increase the body of evidence pointing to an important role of trace elements on the posttranscriptional regulation of gene expression.
